Here we report the design, synthesis and characterization of bifunctional chemical ligands that induce the association of Ras with ubiquitously expressed immunophilin proteins such as FKBP12 and cyclophilin A. We show this approach is applicable to two distinct Ras ligand scaffolds, and that both the identity of the immunophilin ligand and the linker chemistry affect compound efficacy in biochemical and cellular contexts. These ligands bind to Ras in an immunophilin-dependent fashion and mediate the formation of tripartite complexes of Ras, immunophilin and the ligand. The recruitment of cyclophilin A to GTP-bound Ras blocks its interaction with B-Raf in biochemical assays. Our study demonstrates the feasibility of ligand-induced association of Ras with intracellular proteins and suggests it as a promising therapeutic strategy for Rasdriven cancers.
Introduction
Mutation of the Ras genes (K-, N-, and H-Ras) is the most common oncogenic lesion in cancer, occurring in more than 16% of all human cancers [1] . Absent deep accessible pockets, Ras proteins are often considered difficult to target directly by small molecule agents. Recent efforts have led to the identification of both peptidic [2] [3] [4] [5] [6] and small-molecule [7] [8] [9] [10] [11] [12] [13] [14] direct binders of Ras. Targets of these binders include the nucleotide binding pocket, shallow hydrophobic patches, and dynamic pockets near the Switch-II region revealed only upon ligand binding (namely, the Switch-II pocket (S-IIP) and Switch-II groove (S-IIG)). While efficacious, the Switch-II pocket ligands face a few limitations: they depend on the presence of a nucleophilic Cys residue at position 12 and also require Ras to be in a GDP-bound (inactive) state [11] . Despite these limitations, several Switch-II pocket ligands have demonstrated potent cellular [15] , animal [16] Ras inhibition and anti-tumor effects, and two compounds have entered clinical trials in K-Ras(G12C) mutant tumors. The Switch-II groove binding ligands, which target an unnatural M72C mutant are at an earlier stage of development exhibit the striking feature of recognizing both the GDP and GTP states and surprisingly block the association of PI3K but not Raf with drug-bound GTP-K-Ras (M72C) [13] . The limitations of these two classes of ligands bound to Switch II confound their use against several of the most frequent oncogenic mutations (e.g. G12D, G12V and Q61L), which compromise GTP hydrolysis and render Ras constitutively GTP-bound, and lack available cysteine residues. We wondered whether we could overcome these limitations by recruiting an endogenous protein to Ras with small molecule ligands. In so doing, we hoped to exploit the large surface area of the recruited protein to achieve high-affinity binding that might allow reversible ligand recognition of K-Ras and also introduce steric hinderance to block the interaction between Ras and its effectors.
Equipping an intracellular protein with a small molecule ligand to confer neo-functions is a concept employed by a number of natural and artificial systems. For example, rapamycin forms a complex with the PPIase FKBP12 and this complex binds the protein kinase mTOR to sterically block the access of its substrates [17, 18] , while thalidomide induces the association of the E3 ligase Cereblon and the transcription factor Ikaros to promote the proteolytic degradation of the latter [19, 20] . We envisioned that a bifunctional molecule could be constructed by chemically linking a Ras ligand and a high-affinity ligand of an abundant intracellular protein such as FKBP12 or cyclophilin A (CypA). FKBP12 has been reported to bind palmitoylated H-Ras and N-Ras and promote their depalmitoylation, thus we hoped that the two proteins might possess complementary surfaces naturally [21] .
Here we report the design and synthesis of such bifunctional ligands and their successful induction of the association of Ras-FKBP12 or Ras-CypA. We show that both the structure of the linker and the nature of ligands chosen for FKBP12 or CypA impact the rate of ligand binding, and that a short piperazine linker endows the optimal efficiency among the compounds investigated.
Results and Discussion
To design bifunctional molecules that recruit an intracellular protein to Ras, we first considered the identity of the intracellular protein. We chose two immunophilins, FKBP12 and CypA, as candidates because they are ubiquitously expressed chaperone proteins across all tissue types, and nature has repeatedly utilized them to target flat target surfaces upon binding of a small molecule agent (e.g. FK506 [22] , rapamycin [17, 18] , cyclosporin A [22] , and sanglifehrin A [23] ). Several high-affinity ligands of FKBP12 and CypA have been reported (Fig. 1) and they each contain a solvent-exposed (when bound to FKBP12 or CypA) functional group handle that allows facile chemical derivatization. Next, we selected two chemical scaffolds as the Ras-binding component: Switch-II pocket ligands (S-IIP ligands, e.g. ARS1620 (A)) represent a family of covalent ligands that selectively binds the oncogenic Ras mutant G12C in the GDP-state [11, 15, 16] , whereas Switch-II groove ligands (S-IIG ligands, e.g. Compound 3 (B)) represent another class of covalent ligands that irreversibly reacts with a non-naturally occurring Ras mutant, M72C, regardless of the nucleotide binding state [13] . Both scaffolds occupy a pocket near the Switch-II region but have distinct binding modes. By analyzing co-crystal structures of these ligands bound to Ras, FKBP12 or CypA, we identified respective solvent-exposed sites for linker attachment that would likely preserve critical binding interactions. Finally, we devised a modular synthetic strategy that allowed us to independently vary three integral components (Ras ligand, FKBP12/CypA ligand and linker) to assemble the bifunctional ligands. An initial series of compounds focused on the S-IIP scaffold were synthesized with various linker lengths and recruiter ligands including SLF, FK506 and cyclosporin A (Fig. 2a) . All of these compounds maintained potent binding to FKBP12 or CypA (Kd < 200 nM, Supplementary Fig. 1 ). To evaluate the binding of these compounds to K-Ras, we measured the rate of their covalent labeling reaction with K-Ras G12C CysLight (1-169, C51S/C80L/C118S, GDP-bound) by intact protein mass spectrometry. Although the SLF-based compounds (1-3) failed to show substantial reactivity, both FK506-and cyclosporin-derived compounds (4-6 and 7-10, respectively) labeled K-Ras G12C CysLight at appreciable rates. Interestingly, including an excess (10 µM) of recombinant FKBP12 or CypA significantly accelerated the reactions of FK506-derived and cyclosporin A-derived compounds ( Fig. 2b-d ), respectively. By contrast, no change in reaction rates was observed with mismatched protein/compound combinations.
In both FK506-and cyclosporin-derived series, compounds with a 1,6-diaminohexyl linker (6 and 10) demonstrated the slowest covalent adduct formation with K-Ras G12C CysLight. A plausible explanation is that long linear linkers impart more conformational flexibility and incur higher entropic cost upon compound binding. Though we have not established extensive structure-activity relationship, the trend we observed here is congruent with previous reports on bifunctional compounds designed for targeted protein degradation [24] . To assess compound-induced association of Ras and immunophilins, we incubated a mixture of K-Ras G12C CysLight (4 µM), CypA (10 µM) and 8 (10 µM) at 23 ºC for 24 h and confirmed >95% labeling of K-Ras by intact protein mass spectrometry. Size exclusion chromatography of the reaction mixture yielded a distinct major peak with a retention volume (Kav = 0.23) consistent with a ternary complex of the two proteins and the ligand at 1:1:1 stoichiometry (40 kDa), along with two smaller unresolved peaks corresponding to unreacted K-Ras and excess CypA (Fig. 3a) . Differential scanning fluorimetry revealed twostage thermal denaturation of the protein complex at 48.9 ºC and 71.0 ºC (Fig. 3b) . By analysis of a protein sample heated at 60 ºC for 10 min we confirmed that the first melting event corresponds to the denaturation of CypA (Fig. 3c) , suggesting that the ligand, while greatly stabilizing K-Ras (Tm = 50.9 ºC, Supplementary Fig.  2 ), did not increase the thermal stability of CypA (Tm = 49.1 ºC, Supplementary Fig. 2 ). We asked whether the recruitment of either CypA or FKBP12 would enable S-IIP ligands to interact with GTP-bound K-Ras and evaluated their ability to covalently react with K-Ras G12C CysLight (GppNHp-bound) in the presence of CypA or FKBP12. However, none of these molecules effected any detectable labeling of the GppNHp-bound protein even after 48 h of incubation at 23 ºC, leading us to conclude that cysteine 12 remains inaccessible by this scaffold in the GppNHp-bound conformation of Ras [16] . The cellular efficacy of the S-IIP bifunctional ligands were tested in NCI-H358, a cell line that harbors a heterozygous G12C mutation at the KRAS locus and has been shown to be sensitive to the G12C-selective covalent inhibitor ARS1620 [16] . Partial covalent modification of Ras, revealed by the extra higher molecular weight bands in the immunoblot analysis with a panRas antibody, was achieved by compounds 4-9 after 24-h incubation at 10 µM (Fig. 4a) . The identity of these bands was confirmed by their selective pulldown using GST-FKBP12 or GST-CypA protein captured with glutathione agarose beads. Compounds 5 and 9, both bearing a piperazine linker, led to the highest level of cellular target engagement in their respective series. Nevertheless, such a partial engagement appeared insufficient to impair the MAPK signaling pathways downstream of Ras, and the p-ERK levels remained unchanged, although we noticed a reduction of p-S6 level in 7-and 9-treated cells ( Supplementary Fig. 3 ). Questioning whether the intracellular concentrations of CypA and FKBP12 were too low in this cell line to permit efficient recruitment by the compounds, we transiently transfected H358 cells with plasmids encoding HA-tagged FKBP12 or CypA proteins and treated the cells with 5 or 9 (Fig.  4b) . Notwithstanding the expression of ectopic FKBP12 or CypA protein, we observed similar degrees of Ras modification and no change in p-ERK levels. We further considered that actively signaling Ras proteins are membrane-anchored and that both FKBP12 and CypA are cytosolic proteins, and hence investigated whether this discrepant sub-cellular distribution limited compound efficacy. With ectopic expression of plasma-membrane localized FKBP12 or CypA (each has a 11-mer N-terminal sequence derived from Lyn to direct plasma-membrane localization [25] ), we observed compound-dependent attenuation of p-ERK signal (Fig.  4b) , despite that the level of Ras modification was comparable to that in mock-transfected cells. While further investigation is merited to elucidate the exact Ras sub-population responsible for this change, we believe that these membrane-bound immunophilins directly improved compound efficacy via their localized expression. Together, these results confirmed that a high level of target engagement of membrane-bound K-Ras G12C is essential to impede its signaling output through the MAPK pathway, and suggest that further optimization on these compounds is necessary to improve their cellular activity. In order to access the GTP-bound state of Ras, we explored a different scaffold (S-IIG ligands) that has been demonstrated to bind both the GDP-and GTP-bound states of Ras harboring a non-natural mutation M72C (Fig. 1a) . When covalently bound to Ras, compounds derived from this scaffold inhibit the interaction of Ras with its nucleotide exchange factor Sos and its downstream signal transducer PI3K, but the structural changes induced by compound binding were insufficient to block the binding of Raf, the Ras effector that transduces signaling along the MAPK pathway. To enable recruitment of FKBP12 or CypA to GTP-bound Ras, we synthesized FK506-based compound 11 and cyclosporin A-based compound 12 using a similar synthetic route (Fig. 5a ). While the M72C mutation was initially introduced to guide site-directed ligand discovery, it also served as a useful tool to evaluate compound binding.
Analogous to S-IIP bifunctional ligands, 11 and 12 displayed FKBP-and CypAaccelerated labeling of K-Ras M72C CysLight (GDP-bound or GppNHp-bound), and the cyclosporin-derived compound 12 appeared superior to the FK506-derived 11 in its rate of covalent labeling (Fig. 5b) . Ternary complexes consisting of K-Ras M72C CysLight (GDP-or GppNHp-bound), CypA and 12 were purified ( Supplementary Fig. 4 ) and used to study whether the induced associated of CypA and Ras is able to block the binding of Ras effectors such as Sos and Raf.
Similar to the adduct formed between K-Ras M72C and S-IIG ligand B [13] , the K-Ras M72C•12•CypA complex was insensitive to Sos-catalyzed nucleotide exchange but susceptible to the EDTA-mediated reaction (Fig. 5c) . To investigate the effect of the associated CypA on Raf binding, we employed a solutionbased time-resolved fluorescence resonance energy transfer (TR-FRET) assay that allows the quantitation of the Ras•Raf complex formation. We compared K-Ras M72C, K-Ras M72C•B and K-Ras M72C•12•CypA in both GDP-and GppNHp-bound forms in terms of their ability to form a complex with the GSTtagged Ras-binding domain of Raf1 (Raf1-RBD). While none of the GDP-bound proteins had detectable interaction with Raf1-RBD, all the three GppNHp-bound forms led to a dramatic increase in the TR-FRET signal (Fig 5d) . Studying the published crystal structures of the H-Ras•Raf1-RBD complex and of H-Ras bound by a closely related ligand 2C07 [13] revealed the possibility that the recruited CypA protein may adopt an orientation to position itself away from Switch I, where the key interactions between Ras and Raf1-RBD reside. In such a scenario, Ras may simultaneously bind Raf1-RBD and CypA without inflicting a steric clash of the two proteins. Considering the much larger sizes of native Raf proteins than the truncated Raf-RBD, we wondered if full length B-Raf protein would be a more appropriate means to study Ras•Raf interaction [26, 27] . When the same assay was performed using recombinant GST-B-Raf protein, we observed a compound-dependent effect on Raf binding: compound Blabeled K-Ras showed weakened association with full length BRaf, whereas the K-Ras•12•CypA complex completely lost this interaction (Fig. 5d ). This decrease in affinity between the ternary complex and B-Raf supports our hypothesis that CypA can act as a steric blocker of Ras-effector communication. 
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Conclusion
Recent discoveries of direct small molecule ligands of Ras have transformed the therapeutic prospects of Ras-driven cancer [3, 5, [7] [8] [9] [10] 14] . Switch-II pocket and Switch-II groove binders reveal new opportunities to inhibit Ras, and the former have demonstrated efficacy in xenograft models for K-RAS(G12C)-driven cancer and are currently in clinical trials [16] . Meanwhile, three key challenges remain: 1) the ability to access the GTPbound state of Ras is essential to inhibiting many oncogenic mutants of Ras that are constitutively GTP-bound; 2) ligands must be able to block the interaction between Ras•GTP and multiple effector proteins including Raf and PI3K to have therapeutic effect; and 3) the ability to discover non-cysteine dependent ligands to target K-Ras. Neither current S-IIP nor S-IIG ligands meet all of these criteria. While it is conceivable to overcome these limitations with extensive structure based medicinal chemistry optimization of current ligands, we sought to draw inspiration from the unique mode of action of drugs that induce the formation of ternary protein-drug-protein complexes [28, 29] and to develop small molecules that recruit intracellular proteins to block Ras-effector interactions. Our study showed that small molecule-induced association of K-Ras and immunophilins is possible even though these proteins do not have measurable intrinsic affinity for each other. The complete blockade of Ras-Raf and Ras-Sos interaction by the combination of compound 12 and CypA illustrates the power of steric hinderance at insulating Ras from its effectors and affirms the potential of compound-induced recruitment of intracellular proteins as a strategy to inhibit protein-protein interactions. We acknowledge that the compounds discussed in the present work do not possess the necessary efficacy for detailed cellular studies, and that the S-IIG ligands are yet dependent on their covalent reactivity with a non-natural cysteine (M72C). However, we believe our characterization of the structure activity relationships across two Ras ligands and three immunophilin ligands as well as multiple linkers provides a starting point for further optimization. Importantly, our studies using whole protein mass spectrometry to detect K-Ras (G12C) binding in vitro as well as cellular engagement assessment by immunophilin pull-down followed by anti-Ras immunoblot showed good correlation between biochemical and cellular target engagement, providing a path for further structural optimization. Further chemical optimization will be necessary to improve the affinity of current ligand scaffolds for Ras. Perhaps new ligands for Ras directed at other surface pockets and grooves when they are reported will be attractive directions. Nevertheless, these compounds offered key evidence for the feasibility of our approach, and we are confident that with additional efforts, obstructing the signaling output of hyperactive oncogenic Ras mutants with intracellular proteins will become a promising therapeutic strategy.
